I. INTRODUCTION
The economic impacts of using non-renewable resources along with the eco-friendly nature of renewable resources have spurred a widespread interest in harvesting these resources more efficiently. For example, a key limitation of energy conversion systems used in wind and solar is their inability to track maximum power production efficiently during varying wind speeds or solar insolation conditions respectively. Addressing this limitation improves the efficiency of the power system, increasing its power yield and return on investment. Maximum power detection, through Maximum Power Point Tracking (MPPT) is often accomplished using the Hill Climb Search (HCS) Algorithm. HCS is widely used because of its inherent simplicity and portability. However, it has its limitations, especially when applied to Wind Energy Conversion Systems (WECS). The HCS method does not respond well in rapidly changing wind profiles, either not settling at the maximum power point (MPP) quickly enough or hunting around the MPP. These will be discussed further in Section II B.
A. Other Efforts in WECS MPPT Algorithms
MPPT algorithms have been a topic of keen interest to many research activities. Many researchers have exposed the inherent flaws with HCS method. [1] [2] Power Signal Feedback (PSF) has been suggested to solve some issues of the HCS method such as the fluctuation in output power. [1] A method to track the optimal loading on the generator as a possible solution has been proposed. [3] To implement this, two approaches referred to as the Anemometer Approach and Calculation Approach methods were attempted.
The application of fuzzy logic in MPPT has also been explored. However, this method also has disadvantages, such as a reduction in accuracy due to fuzziness, and the need for a high precision anemometer. System complexity is also increased due to the fact that during low intensity wind gusts, there is a need for extra processing for accuracy. [4] A similar effort to the proposed algorithm was done for solar power. [12] The prime difference is that solar MPPT is performed on a system that changes at a much slower pace, i.e. solar insolation does not vary as quickly as wind with respect to time. This is a general problem when porting MPPT algorithms from solar applications to wind applications.
B. Simulation of the Proposed Algorithm
The benefits of the proposed algorithm are demonstrated using MATLAB-SIMULINK. A wind turbine and electrical generation model was simulated to evaluate the proposed MPPT algorithm in a rapidly changing wind profile scenario. This scenario illustrated rapid settling at steady winds and rapid response to step changes in wind velocity.
II. MPPT IN WECS A. Wind Energy Conversion Systems
This section outlines the major components that make up a complete WECS. Figure 1 shows the block diagram of a typical system. Figure 1 , the basic diagram of a WECS is illustrated in terms of the power generating and control blocks. The Wind Turbine and Generator (WTG) block converts the mechanical power in the wind into electrical power. The Power Converter (PC) block then matches this power to the load, using the voltage (V) and current (I), to deliver a stable voltage at the appropriate level to the Load. This is accomplished by varying the duty cycle, provided by the Controller block, supplied to the switches (transistors) in the PC block. The Controller monitors the power supplied from the WTG to determine the appropriate duty cycle to achieve the MPP. This search is referred to as MPPT. In the proposed case, a Horizontal Axis Wind Turbine (HAWT) is utilized and coupled to a Permanent Magnet Synchronous Generator (PMSG), which converts the mechanical power produced by the rotating blades to electrical power. This will be discussed further in the algorithm descriptions below and in section III.
B. The HCS Algorithm
The HCS algorithm makes use of the relationship between generator power and rotor speed, as illustrated in Figure 2 .
Figure 2 -Power-rotational speed graph [7] As there is a definite maximum power corresponding to a particular rotor speed, the algorithm compares the present power to the power obtained at the previous step. If the present power is found to be higher, then the duty cycle of the gating pulses applied to the converter switches (transistors) are increased to drive the operating point more towards the MPP. If the present power is found to be lower, then this duty cycle is reduced. Figure 3 shows the flow chart of the algorithm of HCS method. [7] The primary advantage of this method is its simplicity and independence from wind turbine characteristics. However, it has many disadvantages. The HCS method responds well only in cases of constant or slowly changing wind speeds. It can also cause smaller wind turbines to stall. [8] [9] The HCS also results in slower tracking if the step size is too low, and hunting (oscillation) around the MPP if the step size is too high.
[9]
C. Limitations of HCS Addressed
This paper proposes an innovative algorithm that solves some of these limitations inherent of the HCS algorithm. The limitations addressed are discussed below:
Step Size Trade Offs
The increments/decrements given to the duty cycle are fixed in HCS. Once the MPP is detected, there are oscillations around this point. This is demonstrated in Figure 4 . Also, if the step size is made too large, then the value of the ripple increases, while if it is too low, then the tracking time suffers. 
Tractability under rapidly varying wind conditions
A severe limitation of the HCS method is its inability to track the MPP in cases of abruptly varying wind conditions. The reason for this limitation is that the HCS method only takes into account the change in power due to the last perturbation while searching for the MPP. It neglects the fact that there could instead be a wind speed change leading to the change in power.
D. The Proposed Algorithm
The proposed algorithm assumes continuous operation of the turbine, which means that the boost converter is in continuous operation mode. Also, the mechanical characteristics of the turbine-generator set, e.g. inertia, have not been simulated. This is to purposely highlight the speed of the algorithm itself. The proposed algorithm maintains a similar approach to the HCS method. This is to ensure that the simplicity associated with the HCS method is preserved.
Another characteristic of the proposed algorithm is an adaptive duty cycle, which is in contrast to the HCS method where the duty cycle is constant throughout the search. The algorithm employs a varying step size, which refers to the size of the incremental step in the search for the MPP illustrated in Figure 2 . This step size is thus correspondingly linked to the duty cycle of the power converter switches, which provides the actual control of power delivery. The search step size begins at a constant value, as in HCS method, until the search is within close vicinity of the MPP. Once the search has approached the MPP, the step size is adaptively adjusted. If the last operating point is on the positive slope side of the power curve, the increment in duty cycle, and thus step size, is reduced to 25% of its present value. If the operating point has already crossed the MPP, but still in close vicinity, then the search direction is reversed and the duty cycle is again adjusted as before. This process can be better understood by noting Equation 1, which defines the new duty cycle D p based on the previous duty cycle D o . The variable defines the size of the search increment, and is initially set to 0.1. This high value was chosen because the search has to be fast to adapt to rapidly varying wind speeds. This will be its default value to aid in faster tracking except when the MPP is reached, at which time it is adaptively reduced as previously discussed. To increment or decrement the duty cycle, a direction variable ( ) with initial value = +1 is used. Using +1 is a forward (increasing duty cycle) search for the MPP while -1 is a backwards (decreasing duty cycle) search.
As the search reaches the vicinity of the MPP, the value of is changed adaptively as previously stated. For example, suppose the operating point had been perturbed beyond the MPP already, the algorithm will check if the perturbation has gone to far beyond MPP and if so, the search direction is changed and the step size is increased to 0.1 for rapid correction. If the perturbation had just crossed the MPP, but was in close vicinity, then the search direction is still changed but the step size, , is reduced adaptively. This ensures that the oscillations in power are reduced once the maximum is detected.
Another characteristic the proposed algorithm is the ability to detect if the change in power levels was due to a change in wind speed, rather than assuming it is a result of the previous perturbations. This was accomplished by comparing two recent values of wind speed using the memory block in MATLAB-SIMULINK.
A detailed flowchart of the proposed algorithm is illustrated in Figure 5 . The first step in the algorithm is to collect the instantaneous voltage V, instantaneous current I, present direction of perturbation (set to 1 initially), present increment factor , and previous duty cycle . The next step in the process is to obtain the current instantaneous power given as the product of the voltage (V) and current (I) sampled in the previous step. Next, a check is done to verify that there is no change in wind velocity over the two sampling instants.
If the wind speed is found to be equal, then the algorithm functions by checking if Equations 2, 3, and 4 are true. Equation 2 makes sure that the operating point is on the increasing power side of the power curve. Equation 3 is true if the operating point has neared the maximum. If all the checks are found to be true, then the step size, , is reduced and follows in the direction of previous perturbation.
If the above tests became false, the algorithm then checks if the power is increasing. In this case, a fixed step size increment is done. If the power level is reduced by this perturbation, then the search direction is reversed. If the wind velocity has changed, then the traditional HCS with a fixed duty cycle increment of 1% is followed. , generator current , phase impedance , and armature resistance was modeled. The generator was assumed to have P pole pairs. The following are the equations used to model the generator:
The rectifier was modeled using equations 8 and 9 respectively.
The DC-DC converter was modeled using equation 10.
Given below is the wind turbine model definition and simulation parameters [11] Where TSR is the tip speed ratio, R is the radius of the turbine, is the rotational speed of the turbine, wd is the wind velocity, is the output power and is the air density. The results obtained in simulating the algorithm under both constant and randomly varying wind conditions are demonstrated in the following sections.
A. Comparisons with HCS
The steady state response in output power to a step change in wind speed of the proposed algorithm was compared with the traditional HCS in Figure 6 . After quickly reaching MPP, the output power has no oscillation using the proposed algorithm, while the traditional HCS has produced oscillation of approximately 30W peak-to-peak. The HCS continues this oscillation throughout its operation. 
B. Comparisons with Expected Power
The proposed algorithm was also compared with the expected or maximum theoretical power available in the wind. The response to a few step changes in wind speed and the corresponding output power of the proposed algorithm are illustrated in Figure 7 .
Figure 7 -Rapidly changing wind speed
It is again observed that the proposed algorithm quickly settles to a steady output power. In these cases, the algorithm's efficiency varies from 93.8% to 97.5% seemingly with higher efficiencies at higher output powers.
This does not take wind turbine and generator inertia into account, however these would only tend to add delay in the system. The proposed algorithm demonstrates its ability to handle inertial delay with quick response in the zero inertia case. An artifact of this is demonstrated in Figure 7 with the overshoot on rapid wind speed drop. In actual practice, the wind speed will not exhibit a step change behavior and the algorithm will quickly settle as demonstrated.
IV. CONCLUSIONS Due to the depletion of non-renewable sources of energy, it is high time that there is more focus on extracting power from renewable sources like wind energy at the maximum possible efficiency. As a step towards this goal, the proposed algorithm eliminates the MPP hunting/oscillation limitation, inherent of the HCS algorithm, while increasing the search speed for the MPP. The proposed algorithm, while based on the HCS, is adaptive in nature with an adaptive duty cycle. This helps to reduce the power variations once the MPP has been detected, without a compromise in tracking or search time. Care was taken to keep the algorithm simple and portable such that it can be deployed where the popular HCS algorithm is used with only a software change. Also, the proposed algorithm is independent of wind turbine characteristics. The effectiveness of the algorithm was demonstrated by simulation using MATLAB-SIMULINK and the SimPowerSystems toolbox. The next step proposed in our work is to link this MATLAB simulation with an aerodynamic/inertial model for completeness.
